The oxygen-evolving reactions of the thylakoid-lacking cyanobacterium Gloeobacter violaceus PCC 7421 were compared with those of Synechocystis sp. PCC 6803. Four aspects were considered: sequence conservation in three extrinsic proteins for oxygen evolution, steadystate oxygen-evolving activity, charge recombination reactions, i.e., thermoluminescence and oscillation patterns of delayed luminescence on a second time scale and delayed fluorescence on the nanosecond time scale at − 196°C. Even though there were significant differences between the amino acid sequences of extrinsic proteins in G. violaceus and Synechocystis sp. PCC 6803, the oxygen-evolving activities were similar. The delayed luminescence oscillation patterns and glow curves of thermoluminescence were essentially identical between the two species, and the nanosecond delayed fluorescence spectral profiles and lifetimes were also very similar. These results indicate clearly that even though the oxygenevolving reactions are carried out in the periplasm by components with altered amino acid sequences, the essential reaction processes for water oxidation are highly conserved. In contrast, we observed significant changes on the reduction side of photosystem II. Based on these data, we discuss the oxygen-evolving activity of G. violaceus.
Introduction
Photosystem (PS) II is a unique protein complex that oxidizes two water molecules and evolves molecular oxygen using light energy. Although several crystal structures for this complex have been reported [1] [2] [3] [4] , its reaction processes and mechanisms remain unresolved [5] [6] [7] . Sequence analysis of 16 S rRNA has indicated that the cyanobacterium Gloeobacter violaceus PCC 7421 is an early-branching species within the cyanobacterial clade [8] . Due to its phylogenetic position, it is thought to retain ancestral properties. It lacks intracytoplasmic membranes [9] , and the photosynthetic and respiratory systems co-localize on the cell membrane. It is assumed that both systems share a common electron transfer component, i.e. plastoquinone (PQ), by analogy with overlap of the two electron transfer chains on the thylakoid membranes in other cyanobacteria [10] . Only low levels of chlorophyll (Chl) are found in cell membranes in other cyanobacteria [11] .
We have studied several biochemical properties of PS I in this bacterium, specifically in relation to gene sequences [12] . In contrast to the 11 subunits found in other cyanobacteria, PS I of G. violaceus PCC 7421 comprises 9 subunits, including the novel subunit PsaZ [13] . PsaB is one of the major subunits in PS I and contains a unique C-terminal motif that exhibits considerable similarity to a peptidoglycan-binding motif in eubacteria [14] . In addition, the secondary electron acceptor of PS I is menaquinone-4, rather than phylloquinone, which is found more commonly in oxygenic photosynthetic organisms [15] . Furthermore, phytoene desaturase, which is the key enzyme in carotenoid biosynthesis, is of a bacterial type, rather than a cyanobacterial/plant type [16] . These properties demonstrate that G. violaceus retains some primitive and ancestral characteristics and thus confirm its position as a primordial species.
Genome information for this cyanobacterium indicates other unusual properties within PS II [12] . The genes encoding four subunits of PS II (psbQ, psbY, psbZ and psb27) are absent, and three genes for extrinsic proteins in oxygen evolution (psbO, psbU and psbV) are poorly conserved. Extrinsic proteins perform several functions in oxygen evolution. PsbO is primarily responsible for stabilization of the Mn-cluster [17] [18] [19] , and in cooperation with PsbU and PsbV, protects the cluster from exposure to reducing substances [20] . In the absence of PsbU and/ or PsbV, requirements for Ca 2+ and Cl − are higher in Synechocystis sp. PCC 6803 (hereafter referred to as Synechocystis), hence these proteins probably play a role in the accumulation of Ca 2+ and Cl − [21] . In addition, a cyanobacterial homolog of PsbQ, the extrinsic protein found in higher plants, green algae, and red algae, is absent in G. violaceus [22] . Similarly, there is significantly lower conservation of sequence in two polypeptides localized in the lumen in other cyanobacteria, PetE (plastocyanin, PC) and PsaF (PC docking protein), which are expected to localize in the periplasm in G. violaceus. Since the oxygen-evolving system is localized in the periplasm where ionic conditions are different from those on the luminal side of the thylakoid membranes, the functional structures of the extrinsic proteins in the periplasm might be modified through modifications in the amino acid sequences, which may affect PS II activity. Indeed, it is known that G. violaceus can grow only under very low light conditions [23, 24] , a characteristic that might be related to its PS II activity.
In this study, we compared the amino acid sequences of three extrinsic proteins involved in cyanobacterial oxygen-evolving processes, and investigated interactions between the PS II subunits in G. violaceus and Synechocystis as a control. In order to characterize PS II (including the Mn-cluster), we examined oxygen-evolving activity, thermoluminescence, delayed luminescence at 1.6 s after the flash and delayed fluorescence on the nanosecond time scale at − 196°C. Based on these findings, we discuss the effects of PS II composition on oxygen-evolving activity in G. violaceus.
Materials and methods

Algal culture
Gloeobacter violaceus PCC 7421 and Synechocystis sp. PCC 6803 were grown photosynthetically in BG-11 medium [25] under continuous illumination using light intensities less than 5 and approximately 15 μE/(m 2 × s), respectively. The temperature was maintained at 25°C and air was supplied continuously via an air filter (Millex-FG, Millipore).
Measurements of oxygen-evolving activities
Oxygen-evolving activity was measured using a Teflon-coated oxygen electrode (Rank Brothers, England). Light from a W 2 lamp was guided via a glass fiber (Ikemori, Japan) to the front of the electrode vessel and the light intensity was then adjusted using neutral density filters (Toshiba, Japan). The average oxygen yield per flash was measured on excitation with a Xenon lamp (MS-230 S, Sugawara Lab, Japan) with a 4 μs half-duration. An appropriate UVcut filter (Toshiba, Japan) was inserted between the Xenon lamp and the electrode vessel. Chl contents of algal suspensions were maintained at approximately 2 μg/ml in order to attenuate actinic light at the rear of the electrode vessel. Following methanol extraction, Chl contents of individual samples were determined using a Hitachi U-2010 spectrophotometer and the extinction coefficient reported by Porra et al. [26] . 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) was purchased from Sigma.
Measurements of thermoluminescence and delayed luminescence on a second time scale
Thermoluminescence was measured according to procedures reported previously [27] . Cell suspensions containing 7 μg Chl a were layered onto filter paper (1.5 × 1.5 cm), illuminated by white light (1 mW/m 2 ) at 25°C for 30 s and then maintained in the dark for 5 min. Samples were illuminated by xenon flash once at 5°C, and then nitrogen gas was used to cool the cells down to − 180°C. Samples were warmed in the dark at 5°C/min and the thermoluminescence curves measured.
For measurement of delayed luminescence, cell concentrations were adjusted to 20 μg Chl a/ml. Cells were illuminated by white light (1 mW/m 2 ) at 20°C for 1 min, then incubated in the dark until no signal from S 2 Q B − or S 3 Q B − was detected. A series of xenon flashes was then applied at 2 s intervals, and delayed luminescence was determined 1.6 s after the flashes.
Measurements of the time-resolved fluorescence spectrum
Time-resolved fluorescence spectrum was measured at -196°C using a time-correlated single photon counting method and a custom-made Dewar bottle [24, 28] . The second harmonic of the Ti:Sapphire laser, whose fundamental oscillation was 800 nm, provided preferential excitation of Chl a (400 nm). A 2.9 MHz pulse repetition rate was used. The time resolution of the time-toamplitude converter was 51.7 ps/channel. The zero time was taken as the time when an excitation pulse showed maximum counts on a time-to-amplitude converter. Since the excitation pulse (pulse width 150 fs) was observed with a width of approximately 30 ps on a time-to-amplitude converter, a negative time was assigned to signals occurring prior to the maximum of the excitation pulse. Fluorescence lifetimes were estimated using a convolution calculation [28] .
Protein sequences
Amino acid sequences were deduced from DNA sequence information deposited for G. violaceus [12] , Synechocystis [29] and Thermosynechococcus elongatus [30] at the Kazusa DNA Research Center (accession numbers NC_005125, NC_000911 and NC_004113, respectively). Extracted gene numbers for G. violaceus were glr2324 (CP43), glr2999 (CP47), glr3691 (PsbO), gll2873 (PsbU) and gll2338 (PsbV). The corresponding numbers for Synechocystis were sll0851 (CP43), slr0906 (CP47), sll0427 (PsbO), sll1194 (PsbU) and sll0258 (PsbV), while those for T. elongatus were tlr1631 (CP43), tlr1530 (CP47), tlr0444 (PsbO), tll2409 (PsbU) and tll1285 (PsbV). The presence of N-terminal signal peptides in PsbO, PsbU and PsbVof G. violaceus was predicted using the Signal P program (http://www.cbs.dtu.dk/services/SignalP/) [31] because N-terminal sequences for extrinsic proteins of G. violaceus have not been experimentally determined. N-terminal sequences for extrinsic proteins of Synechocystis [32] and T. elongatus [4, 33] were taken from the literature. Multiple alignments were built using the T-coffee program (http://tcoffee.vital-it.ch/cgi-bin/Tcoffee/tcoffee_cgi/ index.cgi) [34] .
Results
The two cyanobacterial species used in this study are very different in color and this difference is evident in the absorption spectra of whole cells (Fig. 1) . G. violaceus is rich in phycoerythrin, whereas Synechocystis is rich in phycocyanin. In addition, the ratios of Chl a to phycobiliproteins are very different between the two species, with G. violaceus containing less Chl a. It is possible that such differences could affect the PS II activity in these species.
Comparison of amino acid sequences and predicted structures
The amino acid sequences of the three extrinsic proteins PsbO, PsbU and PsbV are well conserved between Synechocystis, T. elongatus and Anabaena sp. PCC 7120 (PsbO, 52-62%; PsbU, 45-47%; and PsbV, 42-66%). However, inclusion of G. violaceus in this comparison reduced the sequence identity significantly (PsbO, 23-25%; PsbU, 18-20%; and PsbV, 18-31%) [12] . Since such reduced sequence identity indicates an altered structure in G. violaceus, we aligned the sequences and extracted features required for molecular interactions with other PS II proteins, using the 3.0 Å crystal structure from T. elongatus ( Fig. 2) [4].
PsbO (33 kDa protein)
Fig. 2 (upper panel)
shows an alignment of PsbO proteins from G. violaceus, Synechocystis and T. elongatus. Shaded residues represent PsbO-binding sites to D1, D2, CP43 and CP47, as derived from the 3.0 Å crystal structure of the T. elongatus protein. There were remarkable differences between the PsbO sequences of G. violaceus and the other two species, including two deletions (residues 7-11 and 50-60) and a short insertion (residues 174-176) ( Fig. 2 ; regions differing are boxed). In G. violaceus, the N-terminus (residues 1-14) was poorly conserved, although this region is known to be functionally significant for binding and oxygen-evolving activity in spinach, and is conserved in the other cyanobacteria [35] .
With respect to other modifications in PsbO, residues 56-70 form a β1-β2 loop in other cyanobacteria (Fig. 2 ) [36] , but residues 56-60 were absent in G. violaceus. This deletion would affect the formation or structure of the β1-β2 loop. In addition, most residues in the DPKGR region are involved in binding to D1, D2 and CP47 [36] . Nevertheless, there was an insertion (residues 174-176) detected within this region in G. violaceus, and in addition, approximately half of the residues (13 out of 29) differed from the consensus. Since a one-residue insertion between Leu 159 and Asp 160 had deleterious effects on binding to PS II [37] , the short insertion (Gln 174 -Thr 176 ), unique to G. violaceus, should lead to significant modifications of the PsbO structure, and possibly reduced binding ability to PS II. It has been reported that substitution of Lys 162 with Arg reduces binding affinity and oxygen evolution [37] and G. violaceus PsbO has Arg 162 in fact. This residue also would affect the ability of binding to PS II.
We surveyed the amino acid sequences of D1, D2, CP43 and CP47 to determine whether corresponding alterations may have occurred in the binding partners. A long insertion was observed in CP43 (residues 373-387) and four insertions were found in CP47 (residues 83-89, 96-100, 184-191 and 194-202; Fig. 2 , lower panel). We predicted the structure of G. violaceus PsbO using its amino acid sequence and the crystal structure of T. elongatus, and then examined regions involved in interactions with CP43 or CP47 (data not shown). The insertion in G. violaceus CP43 (residues 373-387) was predicted to form a loop that might function in binding with PsbO. In this model, the residue Met 376 in the loop is located in only 3.1 Å distant from Glu 12 of PsbO. A similar situation was observed for the PsbO-binding site of CP47, whereby an insertion in CP47 (residues 83-100) was predicted to form a loop structure located in the vicinity of the binding site. These observations strongly suggest modification of the interactions between PsbO and CP43 and between PsbO and CP47. These changes may result in differences in the three-dimensional structure that could affect PS II functions and reaction processes.
Extrinsic proteins are known to be involved in the accumulation of Ca 2+ and Cl − , and in many cyanobacterial species, Ca 2+ binds PsbO at the exit of the proton release pathway [38] . In line with a number of differences in the PsbO sequences between G. violaceus and the other two cyanobacteria, among the three proposed binding sites for Ca 2+ , only the most highly conserved residue (Glu 116 ) was found to be present in G. violaceus PsbO.
PsbU (12 kDa protein)
PsbU is known to interact with PsbO and PsbV in cyanobacteria [39] . Fig. 3 shows an alignment of the PsbU amino acid sequences of G. violaceus, T. elongatus and Synechocystis. Three significant differences were found between the PsbU sequences of G. violaceus and the other cyanobacteria: a N-terminal elongation (residues [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] , an insertion (residues 40-62), and a deletion (residues 126-139, Fig. 3 ; regions differing are boxed). In T. elongatus, the crystal structure indicates that the N-and C-terminal regions of PsbU are in close proximity to CP47 and CP43, respectively [4] . However, the G. violaceus PsbU sequence shows two insertions and a deletion in the N-and Cterminal regions. We determined the sites of interaction of PsbU with PsbV, CP43 and CP47 using the T. elongatus crystal structure. Of five interaction sites predicted from the crystal structure, only Asn 142 shows sequence identity with T. elongatus and Synechocystis. 
PsbV (cyt c 550 )
Two genes within the G. violaceus genome sequence were annotated as PsbV (gll2338 and gll2337). The former was used for sequence comparison, since it contained two conserved His residues suitable for heme binding, whereas one of these was lacking in the latter, suggesting a possible non-functional status ( Fig. 4 ; conserved His residues are boxed). In all species, sequence conservation is lower in PsbV than in PsbO or PsbU, and no particular feature could be identified as responsible for binding with other proteins. In the absence of PsbV and/or PsbU, higher concentrations of Ca 2+ or Cl − are required for proper oxygenevolving activity [39] . Although it is thought that these extrinsic proteins contain specific binding sites for Ca 2+ and Cl − , the exact locations of these sites remain unknown. Following site-directed mutagenesis at heme ligands of Synechocystis PsbV, mutants have been shown to exhibit a higher redox potential and reduced growth in Ca 2+ -depleted medium [40] . In addition, binding of three Ca
2+
ions has been detected in the crystal structure of Synechocystis cyt c 550 [41] . However, none of these binding sites are conserved in G. violaceus PsbV. The binding sites for Cl − remain unknown. In summary, we found significant modification of the amino acid sequences in the three extrinsic proteins of G. violaceus, which may cause differences in PS II activity including the water oxidizing reaction. Thus, we measured a several characteristic features reflecting properties of oxygen evolution in intact cells of G. violaceus.
Oxygen-evolving activity
We compared the steady-state oxygen-evolving activities of G. violaceus and Synechocystis (Fig. 5A) . Synechocystis exhibited light intensity-dependent oxygen evolution, with maximum activity (250 μmol O 2 /(mg Chl × h)) observed at light intensities lower than 200 μE/(m 2 × s); no further increase in activity was observed at higher intensities (higher than 700 μE/(m 2 × s)). DCMU inhibited oxygen-evolving activity completely, and the respiration rate was very low (approximately 5 μmol O 2 /(mg Chl × h); Fig. 5A and B) . This low respiration activity may have arisen as a result of photoautotrophic growth conditions (25°C) [42, 43] . G. violaceus also exhibited light intensity-dependent oxygen evolution, with its maximum activity (approximately 125 μmol O 2 /(mg Chl × h)) observed at a light intensity of 200 μE/(m 2 × s). However, there was a remarkable difference in respiration activity, which was estimated at approximately 100 μmol O 2 /(mg Chl × h) for G. violaceus. Therefore, the net oxygen-evolving activity in G. violaceus was 230 μmol O 2 /(mg Chl × h); which was approximately 90% that of Synechocystis; the light compensation point was observed at 35 μE/(m 2 × s) (Fig. 5A) . DCMU suppressed the oxygen-evolving activity in G. violaceus by approximately 70% (160 μmol O 2 /(mg Chl × h) (Fig. 5B) , a value which was larger than the apparent oxygen evolution (125 μmol O 2 /(mg Chl × h)).
Thermoluminescence and delayed luminescence on a second time scale
To monitor the redox properties and S-state transition of the Mn-cluster in G. violaceus, we compared thermoluminescence Fig. 3 . Alignment of PsbU. Deduced amino acid sequences for PsbU from G. violaceus, T. elongatus and Synechocystis. Residues shaded in gray represent conserved residues among the three species. Residues shaded in black with white lettering represent PsbU interaction sites with PsbV, CP43 and CP47, as determined from the 3.0 Å crystal structure from T. elongatus. Asterisks above these residues represent complete conservation among the three species. Note that the residue numbers used in the text correspond to the numbers shown above the alignment sequences. Fig. 4 . Alignment of PsbV. Deduced amino acid sequences for PsbV from G. violaceus, T. elongatus and Synechocystis. In G. violaceus, two genes corresponding to PsbV are known; the gene demonstrating the greater sequence identity (gll2338) was chosen for analysis. Residues shaded in gray represent conserved residues. Residues shaded in black with white lettering represent PsbV interaction sites with PsbU, CP43 and CP47, as determined from the 3.0 Å crystal structure from T. elongatus. Asterisks above these residues represent complete conservation among the three species. Note that the residue numbers used in the text correspond to the numbers shown above the alignment sequences.
(glow curve) and delayed luminescence oscillation patterns of G. violaceus with those of Synechocystis intact cells. Fig. 6A shows thermoluminescence glow curves after a single flash. A peak observed at 34°C in G. violaceus was assigned to the B-band, originating from charge recombination between the S 2 and Q B − states. Although the temperature at which the maximum intensity was obtained was slightly lower than for Synechocystis (39°C), it was still within the reported variation for this band [44] . Alternatively, differences in the extrinsic proteins for oxygen evolution may be responsible for the lower temperature, since a lower maximum has been observed in a psbO-mutant of Synechocystis [45] . Although the second band (C-band) was discernible at approximately 45°C, it disappeared after 5 flashes (data not shown). Fig. 6B shows changes in delayed luminescence intensity as a function of flash number. Delayed luminescence at 1.6 s after a flash derives from charge recombination between the S 2 and Q B − states or S 3 and Q B − states. Peaks were observed at 2 and 8 flashes for G. violaceus and at 2 and 7 flashes for Synechocystis, indicating almost the same oscillation pattern in oxygen evolution between the two species. G. violaceus clearly has a normal oxygen-evolving machinery, as shown by the S-state transition in delayed luminescence and by measurement of thermoluminescence. Taken together with the steady-state oxygen-evolving activity data, it is reasonable to conclude that the oxygen-evolving system of G. violaceus functions in essentially the same manner as in other cyanobacteria. Fig. 7 shows time-resolved fluorescence spectra of G. violaceus intact cells at − 196°C. Typical PS I fluorescence was not detected [23, 24] and no fluorescence was observed beyond 710 nm, even after direct excitation of Chl a at 400 nm. At − 196°C, delayed fluorescence arises from charge recombination between P680 and the primary electron acceptor in PS II (Pheophytin a). We found that all fluorescence bands from phycobiliproteins disappeared within 30 ns of excitation, and delayed fluorescence was detected at 684 nm (Fig. 7) . Significant intensity was also detected at 694 nm, however, this was due to overlap of the 684-nm fluorescence band. Lifetime of the delayed fluorescence was estimated by convolution calculations, and was found to be 17.1 ns with an amplitude of 0.3% of the total fluorescence intensity. These values were consistent with those obtained on intact cyanobacterial cells and spinach chloroplasts [46, 47] . Thus, the charge separation and recombination processes in PS II were essentially identical to those of Synechocystis. In addition, a preliminary survey of pigment content (Pheophytin a and Chl a′) indicated no difference between these organisms (Koyama et al., unpublished). Luminescence was detected at 1.6 s after the flash. The data show the average of five independent measurements. 
Delayed fluorescence on the nanosecond time scale
Average oxygen yields per flash
We analyzed turnover of the PQ pool by average oxygen yields per flash. Fig. 8 shows yields as a function of repetition rate in the two cyanobacteria, after correction for respiration. Synechocystis exhibited a constant yield at a low flash frequency, although it decreased at higher than 10 Hz (dark interval 100 ms). At 20 Hz, the yield was approximately half the maximum, a finding that reflects limitation of PQ turnover under high repetition rate conditions. This pattern is almost the same as that reported for Anabaena variabilis (M-2) [48] , and indicated the presence of a single rate-limiting step. In contrast, the yield in G. violaceus was approximately twice that of Synechocystis at lower frequency. The actual yield was less than zero under these conditions, but after correction for respiratory activity, we were able to detect oxygen-evolving activity. The yield decreased steadily at repetition rates higher than 3 Hz (dark interval 333 ms), reaching the same level as that of Synechocystis at a high repetition rate (20 Hz) . This pattern in G. violaceus is very unusual, in that the yield started to decrease at low repetition rates, but the yield itself was higher than for Synechocystis. These data indicate that the PQ pool turnover rate is limited in G. violaceus, which is most likely a consequence of electron supply from the respiratory chain on the cell membranes.
Based on these results, we conclude that in G. violaceus, there is no significant defect on the oxidizing side of PS II, although some defects may be present on the reducing side. Differences in the locus for water oxidation, i.e. periplasm or lumen of thylakoid membranes, did not appear to exert a significant effect on water oxidation activity.
Discussion
Stabilization of the Mn-cluster by extrinsic proteins with less conserved sequences
The extrinsic proteins for oxygen evolution in G. violaceus showed a number of modifications in amino acid sequence, such as insertions and deletions, which were not observed in more conserved homologs from other cyanobacteria (Figs. 2-4) ; many of the modified regions were identified as interaction sites with other proteins. In the deleted regions (residues 7-11 and 50-60 of PsbO) of amino acid sequences in G. violaceus, there were several conserved Asp and Glu residues. The absence of these conserved hydrophilic residues in PsbO may alter the hydrogen bond networks in this protein, as suggested in a previous report [49] . It is likely that such differences would cause changes in three-dimensional structure of the protein, as well as in interactions with other system components. Therefore, it might be expected that the oxygen-evolving activity of G. violaceus would be affected by these structural differences. However, we were unable to detect any deficits in activity either in terms of steady-state oxygen yield (Fig. 5A) or thermoluminescence and delayed luminescence (Fig. 6 ). It appears that the oxygen-evolving reaction processes in G. violaceus are essentially identical to those of Synechocystis. Furthermore, the results indicate that the Mn-cluster is stabilized by these proteins despite their modified structures. Thus, although the actual crystal structure has yet to be resolved, these results suggest the possibility that there might be multiple modes of cluster stabilization. In general, the structures of extrinsic proteins such as PsbO have been conserved among many species of cyanobacteria [36] . However, it is interesting to find that the Mncluster in G. violaceus can be stabilized by modified proteins, since the extrinsic proteins for oxygen evolution in this species are very different from those of other cyanobacteria.
Biological significance of modified protein structures localized in the periplasm
It is reasonable to assume that the ionic conditions in the periplasm are different from those in the lumen of thylakoid membranes. Furthermore, it must be expected that protein structures can undergo significant amino acid sequence modification in order to adapt to these different conditions. In G. violaceus, the amino acid sequences of the extrinsic proteins involved in oxygen evolution are different from those found in other cyanobacteria, and these changes are a reflection of differences in the cellular loci of oxygen evolution. G. violaceus does not posses psbQ [12] , and the absence of PsbQ has been shown to destabilize binding of PsbV [50] . Thus, it is possible that additional functional roles are associated with the modifications observed in the extrinsic proteins of G. violaceus (i.e., alternative interactions between extrinsic proteins).
Sequence modifications were also found in the periplasmic region of core proteins in PS II (CP43 and CP47). A low degree of amino acid sequence identity was observed for PsbO/U/V between G. violaceus and Synechocystis, at 25, 16 and 21%, respectively. Although the identities for PsbA/B/C/D between G. violaceus and Synechocystis (74-84, 63, 65 and 82%, respectively) were high, there were obvious differences in the periplasmic regions of PsbB and PsbC between the two species. These can be interpreted as meaning that the level of conservation in these proteins depends upon their localization, as modifications in the amino acid sequence would be required for the proteins to function under different conditions.
Changes in amino acid sequence were also observed in PS I. The periplasmic loops in PsaA contain three insertions and one deletion, whereas those of PsaB contain two deletions and one insertion; PsaB also contains one deletion in the cytoplasmic loop. Furthermore, PsaB contains a long 155-amino acid C-terminal tail that is localized in the periplasm. In principal proteins comprising reaction center in G. violaceus, modifications were frequently found in periplasmic loops rather than cytoplasmic loops. The two proteins PetE (PC) and PsaF (PC docking protein), which localize in the periplasm, were also less conserved. These protein modifications appear to reflect adaptation to the different conditions in the periplasm of G. violaceus.
4.3.
Linkage between photosynthesis and respiration for electron transfer chains on the cytoplasmic membranes G. violaceus exhibited a very high respiration activity (approximately 100 μmol O 2 /(mg Chl × h)), 20 times higher than that observed in Synechocystis (Fig. 5A) . Since G. violaceus is grown under relatively low light intensities, it is probable that respiration is its primary free energy source for growth, although the substrate for respiration is enigmatic; this point is an open question at the moment. However, at this point we cannot exclude the possibility that quinol oxidase is involved in the electron transfer chain, leading to a high oxygen uptake activity. The compensation point for oxygen evolution was approximately 35 μE/(m 2 × s), which is greater than the light conditions required for normal growth (5 μE/ (m 2 × s)). This would lead to an anaerobic state in a liquid medium when air is not supplied, and might cause a slow growth rate.
DCMU-insensitive oxygen evolution indicates the presence of two types of reactions relating to oxygen evolution. This is interpreted as inhibition of oxygen uptake due either to suppression of electron flow to cytochrome oxidase, or light-induced increase in electron flow to PS I. Differences in the effect of DCMU clearly indicate modification in the reducing side of PS II in G. violaceus. We made an alignment of PsbA of Synechocystis, T. elongatus and five PsbAs of G. violaceus, and compared the region containing the herbicide-binding pocket (Phe 211 -Leu 275 of PsbA) (data not shown); we found that three PsbAs of G. violaceus (Glr0779, Glr2322 and Gll3144) has no significant difference from PsbAs of Synechocystis or T. elongatus, however Glr1706 and Glr2656 have several substitutions. The substituted loci of the Glr1706 are not assigned to the herbicide-sensitive amino acids, on the contrary, the Glr2656 contains several amino acids that are assigned to the herbicide-sensitive substitution including replacement of Ser 264 to Ala, that is assigned to the most effective residue for the DCMU resistance. Furthermore, the Glr2656 contains two inserted amino acids close to the Ser 264 , suggesting some effect on the herbicide binding [51, 52] . However, it is reported that the glr2656 was expressed at trace level among five psbA genes in G. violaceus irrespective of the light conditions for growth, i.e. normal light condition, UVB exposure and high light condition [52] . Therefore, it is not necessarily reasonable that the observed insensitivity is attributed to difference in amino acid sequences. There were no significant differences in the G. violaceus amino acid sequences of PsbE, PsbF, PsbJ and PsbL, responsible for formation of the Q B pocket. Thus, the observed partial DCMU effect on oxygen evolution in G. violaceus would be related not to the amino acid sequence, but to other factor(s). The basis for changes on the reducing side of PS II is thus not clear at this stage.
The average oxygen yield per flash in G. violaceus was strongly affected by the dark interval between flashes (Fig. 8) . This probably resulted from a prolonged PQ pool turnover time due to a substantial fraction of reduced PQ molecules. Since the respiration rate is very high, it is reasonable to assume that the PQ pool is reduced under normal photosynthetic conditions. The pattern of the average oxygen yield per flash cannot be explained by a single rate-limiting process, in contrast to Synechocystis. There may be an additional limiting step, as reflected by a monotonic decrease in the yield at low frequency. The delayed luminescence intensities converged at higher intensity than in Synechocystis (Fig. 6B) . This probably indicated the accumulation of Q A -during flashes, reflecting equilibration of the PQ pool at more reducing conditions in G. violaceus than in Synechocystis and leading to incomplete re-oxidation of Q A − . These unique features of G. violaceus may arise from a different degree of sharing of the two electron transfer activities than in other cyanobacteria. In addition to these observations, we have found several differences on the reducing side of PS II in G. violaceus (Koyama et al. unpublished).
We were able to estimate the size of the photosynthetic unit (Chl basis) based on average oxygen yield per flash, although this is an average value depending on the stoichiometry of the two PSs. It was approximately 1320 for Synechocystis, a value consistent with previous reports for other cyanobacteria grown under low light intensity (e.g. 1470 for Anabaena cylindrica, 1140 for Anabaena variabilis (M-2) and 1480 for Synechococcus sp. PCC 6301 (formerly Anacystis nidulans) [48] ). In contrast, the unit size under the lowest flash interval was estimated to be only 740 in G. violaceus. The basis for the small value is not clear. As shown by absorption spectra of intact cells (Fig. 1) , the ratio of Chl to phycobiliproteins is small, suggesting that a small unit size may be compensated by a large phycobilin antenna. This unique feature of the pigment system might support functioning of the photosynthetic systems of G. violaceus.
Based on the results described above, we concluded that the oxygen-evolving system of G. violaceus functions normally, even though this species lacks thylakoid membranes and oxygen evolution is performed in the periplasm. Acaryochloris marina, the Chl d-dominated cyanobacteria whose primary electron donor of PS II is Chl d dimer [53] , also has a normal oxygen-evolving system [54] . Our conclusions are that the oxygen-evolving complex is almost invariant in all oxygenic photoautotrophs, as discussed in a previous report [55] . Although the structures of both core and extrinsic proteins in G. violaceus were altered by changes in their amino acid sequences, these modifications did not cause a defect in the oxygen-evolving reaction. Although we do not know the structure of the PS II core in G. violaceus, the protein modifications may provide new insights into the stabilization of the Mn-cluster in PS II. Our understanding of this system will be improved further by EPR spectroscopy.
